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Abstract
The viscosity of silicic melts depends strongly on their water content. As bubbles grow in a supersaturated melt, water
evaporates from the bubble^melt interface. A diffusive profile develops and leads to steep viscosity gradients across the
melt shell. Here we investigate the effects of radial viscosity profiles on the dynamics of bubble growth. We find that the
effective melt viscosity resisting gas overpressure in the bubbles is close to the viscosity at the dehydrated rind, and may
be higher than that of the surrounding melt by more than an order of magnitude. As a result, bubbles may retain
pressures that are higher than ambient pressure for longer times, magma degassing is delayed to shallower depth, and
fragmentation of magma due to gas overpressure may occur over a wider range of conditions. Measured water content
in eruption products yields information on the average melt viscosity, however additional information about the
concentration profiles is needed for estimating the effective viscosity that controlled the evolution of bubble growth in
the ejecta. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The diversity of volcanic eruptions is widely
attributed to the extreme range of viscosities of
the erupting magma [1]. During an eruption, as
highly viscous silicic magma ascends and decompresses, its dissolved volatiles become supersaturated and gas bubbles nucleate and grow. Gas
overpressure in the bubbles is maintained by falling ambient pressure, continuous exsolution of
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the volatiles, and the viscous resistance of the melt
around the bubbles. At high ascent rates, when
the strength of the melt is exceeded either by
gas overpressure in the bubbles [2^4] or by high
strain rates of the £ow [5,6], the bubble-bearing
magma fragments and erupts explosively [7,8].
The gas overpressure in the bubbles is supported by viscous stresses in the surrounding
melt. When melt viscosity is uniform, gas overpressure is proportional to the viscosity of the
melt; high-viscosity melts preserve higher overpressures and are more likely to fragment. However, over a wide range of volcanic conditions,
narrow rinds of highly viscous melt develop
around the growing bubbles due to dehydration
of the melt. This e¡ect of variable melt viscosity
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the e¡ective viscosity is strongly dictated by the
high-viscosity rind that forms at the bubble^melt
interface.
2. The hydrodynamics of the melt around a
growing bubble
The growth of gas bubbles is driven by gas
overpressure and resisted by the viscous melt
around the bubble. Following the physical model
of Proussevitch and Sahagian [10], we consider
magma as a suspension of spherical gas bubbles
that do not interact with each other. We assume
uniform bubble radii and a uniform bubble distribution so that a spherical cell consisting of a
single bubble and the surrounding melt shell represents the whole magma (Fig. 1). Considering the
equation of £uid motion and equation of continuity, we solve for the viscous resistance of the melt
around the growing bubble.
The Navier^Stokes equation of motion for the
spherically symmetric melt shell, neglecting inertial terms, is [11]:
D P D d rr 2
1
 d rr 3 d PP  d aa 
1
03 
Dr
Dr
r
r

Fig. 1. Magma is regarded as a pack of spherical cells, each
composed of a gas bubble with radius R centered in a spherical melt shell with outer radius S. The cells are uniform in
size and arranged in a three-dimensional lattice so that the
gas volume fraction of the magma is (R/S)3 . The melt shell
is incompressible and viscous and contains dissolved oversaturated water. The di¡usive transfer of water results in a
concentration pro¢le, typically CO1/r, during the quasi-static
stage, and to a corresponding viscosity pro¢le [12].

has been incorporated in numerical simulations of
bubble growth [9,10], but has not been thoroughly
analyzed.
In this study we explore the e¡ects of radial
variations of melt viscosity on the growth of bubbles. We analyze the hydrodynamic equations of
the melt around a bubble and demonstrate that

where P is pressure anddrr , dPP and daa are the
radial and tangential components of the deviatoric stress tensor. For a Newtonian £uid with viscosity R, these components are [11]:
D vr
vr
2
d rr  2 R ;
d PP  d aa  2 R :
Dr
r
The melt velocity, vr , around a growing bubble
ç is obof radius R with radial growth velocity R
tained by integrating the equation of continuity
for the incompressible melt:
_ 21
vr  RR
3
r2
Substituting Eq. 3 into Eq. 2 and then into Eq.
3 yields:
DP
_ 21 DR
 34RR
4
Dr
r3 D r
The boundary condition at the bubble^melt interface is obtained by equating the total stress
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with the di¡erence between the gas pressure, Pgas ,
and the Laplace surface tension (2c/R):
c
5
3P  d rr MR  3Pgas  2
R
At the outer boundary of the melt shell, the
total stress is set equal to the ambient pressure,
Pamb :
6
3P  d rr MS  3Pamb
Integrating Eq. 4 with boundary conditions
(Eqs. 5 and 6) yields the mechanical equilibrium
condition between viscous stresses in the melt
shell and gas overpressure in the bubble :
2c
R_
 4 R eff
Pgas 3Pamb 3
7
R
R
where the e¡ective viscosity, Reff , may be written
in two forms:
"
#
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where RR and RS are the viscosities at the two
shell boundaries. In the following section we
discuss the values of e¡ective viscosity relative
to RR and to RS during dehydration of the melt
shell.
3. E¡ective viscosity of a dehydrating melt shell
As bubbles grow in a supersaturated melt,
water evaporates from the bubble^melt interface
and a di¡usive pro¢le develops. The strong dependence of melt viscosity on water concentration
[12] leads to extreme viscosity gradients across
the melt shell. To obtain an analytical expression
for the e¡ective viscosity (Eq. 8) we approximate
the radial viscosity distribution, R(r), by a general

3

power law of the non-dimensional distance (r/R):
2
3
 n

 r 31
6
7
RS
R
7
9
R r  R R 6
413 13 R R  S n 5
31
R
When the power parameter n is 1, the viscosity
pro¢le is linear. The steeper gradients achieved
during dehydration require smaller values of n
(for n = 0, the last fraction in the square brackets
should be replaced by ln(r/R)/ln(S/R)). For example, the viscosity pro¢le around a quasi-statically
growing bubble [13] in a rhyolitic melt with water
concentrations of CR = 0.1 wt% and CS = 0.6 wt%
is bounded by Eq. 9 with n = 33 and n = 39 (Fig.
2a). Transient water di¡usion and/or variable
water di¡usivity [14] will lead to steeper concentration pro¢les and thus to steeper viscosity pro¢les (smaller n). Substituting Eq. 9 into Eq. 8
yields the e¡ective viscosity :

R eff 
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(When n = 0, the last two fractions in the square
brackets should be replaced by (13R3 /S3 )/ln(S3 /
R3 ).) When the gas volume fraction is low
(R3 /S3 I1), the e¡ective viscosity may be further
simpli¢ed, as shown in the last term of Eq. 10. For
RR ERS and realistic values of n (1 s n s 310),
the e¡ective viscosity is above one quarter of
RR , even if RS is practically zero. Thus the viscosity at the bubble^melt interface (Fig. 2a) dictates
the e¡ective viscosity. To demonstrate the importance of this e¡ect, we compare the e¡ective viscosity with the viscosity averaged over
the volume of the melt shell (recall that Rave =
3/(S3 3R3 )vSR R(r)r2 dr):
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(When n = 33, the numerator in the last term
should be replaced by ln(S3 /R3 ) and when n = 0,
the expression in the square brackets is replaced
by 31/ln(R3 /S3 )31/(13R3 /S3 ).) Fig. 2b shows
that while the average viscosity is close to RS ,
the e¡ective viscosity is higher by more than an
order of magnitude and is close to RR for a wide
range of n values, even for narrow viscous rinds
(small n). Thus, the highly viscous rind around
the bubble governs the e¡ective viscosity that resists bubble growth. The consequences of high
e¡ective viscosity are discussed below.

Fig. 2. (a) Radial viscosity pro¢les, e¡ective viscosity, and
average viscosity. The radial viscosity pro¢le (thick curve) is
obtained by combining the quasi-static water concentration
pro¢le [13], where water concentration is CR = 0.1 wt% at the
bubble^melt interface and CS = 0.6 wt% at the shell's outer
boundary, with the dependence of viscosity on water concentration [12] at 850³C. This pro¢le is bounded (dotted area)
by the polynomial approximation (Eq. 9) with power parameter n between 33 and 39. The e¡ective viscosity of the
melt shell (Eq. 10) is close to RR (area with left-inclined
stripes), whereas the average viscosity (Eq. 11) is lower by
more than an order of magnitude and is closer to RS (rightinclined striped area). Although the average viscosity is low,
the viscous resistance of the melt to gas overpressure is governed by the e¡ective viscosity, which is very high ( s 109 Pa
s). This means that in fast-ascending magmas, bubbles have
no time to expand [16], gas pressure builds up and magma
may fragment. Note that the values of both Reff and Rave are
relatively restricted despite the large range of n. (b) The effective viscosity (thick solid curve) is typically closer to the
higher-viscosity RR even for a thin viscous rind (small n),
whereas the average viscosity over the volume of the shell
(dashed curve) is closer to RS as the viscous rind narrows.

4. Delayed degassing, gas overpressure, and
fragmentation of rising magma
During a volcanic eruption, as hydrated magma
ascends in the conduit, it becomes oversaturated
and consequently degasses by growing bubbles.
Along most of the ascent, melt degasses e¤ciently
[15], so that water content in the melt is close to
equilibrium with the ambient pressure. At some
stage, the viscosity of the degassed melt [12] is
high enough to keep gas overpressure. In this
stage, the ambient pressure is low and the dependence of solubility on pressure [14] dictates faster
buildup of supersaturation. This and the increase
in ascent velocity towards the Earth's surface [8]
lead to formation of concentration gradients and
viscosity pro¢les that resist gas overpressure. We
have shown that the e¡ective viscosity (Eq. 8)
resisting gas overpressure is approximately the
viscosity at the dehydrated bubble^melt interface
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and may be much higher than the average melt
viscosity (RR WReff ERave ). For example, a rhyolitic melt with 0.6 wt% water that decompresses
from 2 MPa to atmospheric pressure develops an
e¡ective viscosity higher than 109 Pa s whereas
the average viscosity is lower by more than an
order of magnitude (Fig. 2). In this case, gas overpressure is preserved for time of the order of
R/(Pgas 3Pamb ) which is longer than 500 s. An estimation of this time using the average viscosity
of the melt (5U107 Pa s) yields relaxation of gas
pressure after about 20 s. In explosive volcanic
eruptions, velocities in the few hundred meters
before fragmentation are commonly up to 5 m/s
[16]. In such cases, as the time scale for ascent is
of the order of hundreds of seconds, overpressure
in bubbles does not relax during the ascent of
magma. If the average viscosity is used to estimate relaxation time instead of e¡ective viscosity,
one may wrongly conclude that overpressure does
relax during the ascent (which means that conditions for fragmentation may not be reached).
Note that measured water content in eruption
products yields information on the average melt
viscosity. Additional information about the concentration pro¢les is needed for estimating the
e¡ective viscosity that controlled the evolution
of the ejecta.
The higher e¡ective viscosity has the following
e¡ects:
1. Slower degassing. Higher gas pressures and
correspondingly higher water concentration at
the bubble^melt interface lower the concentration gradient and limit the rate of di¡usive
volatile transfer into the bubble. This allows
supersaturated magmas to ascend in the conduit and degas more violently at lower pressures.
2. Bubbles maintain gas overpressure for longer
times. Magma fragments when the di¡erence
between gas pressure and ambient pressure exceeds the strength of the melt. It was recently
suggested [17] that fragmentation may be triggered by a rarefaction wave. Higher e¡ective
viscosity and thus higher gas pressure in the
bubbles may initiate fragmentation following

5

weaker rarefaction, relative to previous estimations.
3. Magma resistance to shear £ow. The relation
between viscous stresses and surface tension
stresses determines the resistance of bubblebearing magma to shear £ow [18,19]. During
shearing of viscous magma, the higher-viscosity rinds around the bubbles will deform
much less than melt of uniform viscosity,
and thus will act as rigid spheres that increase the resistance of the magma to shear
£ow.
5. Conclusions
1. The e¡ective viscosity resisting gas overpressure in the bubbles is close to the local viscosity at the dehydrated rind (Fig. 2). Thus calculations of bubble growth can include the e¡ect
of viscosity variation by simply using the
above approximation without the need of evaluating Eq. 8.
2. Measured water content in eruption products
yields information on the average melt viscosity. Additional information about the concentration pro¢les is needed for estimating the effective viscosity that controls the evolution of
the ejecta.
3. High-viscosity rinds around growing water
bubbles maintain gas overpressures for a longer time. This, in turn, increases the probability of fragmentation and explosive eruption.
4. The resistance of magma to shear £ow in a
conduit increases with the appearance of gas
bubbles surrounded by a viscid dehydrated
rind.
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